Bioinformatics is now intrinsic to life science research, but the past decade has witnessed a continuing deficiency in this essential expertise. Basic data stewardship is still taught relatively rarely in life science education programmes, creating a chasm between theory and practice, and fuelling demand for bioinformatics training across all educational levels and career roles. Concerned by this, surveys have been conducted in recent years to monitor bioinformatics and computational training needs worldwide. This article briefly reviews the principal findings of a number of these studies. We see that there is still a strong appetite for short courses to improve expertise and confidence in data analysis and interpretation; strikingly, however, the most urgent appeal is for bioinformatics to be woven into the fabric of life science degree programmes. Satisfying the relentless training needs of current and future generations of life scientists will require a concerted response from stakeholders across the globe, who need to deliver sustainable solutions capable of both transforming education curricula and cultivating a new cadre of trainer scientists.
Introduction
In recent decades, relentless technological advances have inexorably changed the practice of life science research. One of the most conspicuous changes is the core role now taken by bioinformatics. Bioinformatics is an intrinsically interdisciplinary and broad-ranging field, harnessing aspects of computer science, mathematics and statistics to store, manage, analyse and interpret biological data-it is fundamentally data-driven and computational. In recent years, the advent of high-throughput instrumentation has placed the growing volumes of biological data in the spotlight, blurring the boundaries between bioinformatics and data science. Thus, as the evolving landscape of life science research has become more data-driven, integrative and computational, the need for biomedical scientists to acquire 'bioinformatics' skills (in the broadest sense) has grown. Of course, not every research scientist must become a bioinformatician; however, acquiring at least a minimum level of computational skills can help life and computational scientists to communicate and interact with one another more effectively, and improve critical thinking about research findings [1, 2] . Even experienced bioinformaticians-many of whom are selftaught-need to garner new skills to keep up with leading-edge technologies, or to reinforce knowledge they gained in the past. To remain current in their particular fields and able to develop new algorithms and tools in response to the continually shifting technological and computational sands, software developers must also have ongoing access to training programmes that address their advanced skill-development needs.
Against the backdrop of this fast-moving field, the challenges for bioinformatics education and training have increased, and a widening skills gap has been witnessed amongst life scientists [3] [4] [5] [6] [7] [8] . Although rudimentary programming, use of bioinformatics tools and databases and statistical principles have appeared in some life science education programmes [9] [10] [11] , basic data science is still relatively rare in bioscience curricula, creating a profound gap between theory and practice. In consequence, it is not uncommon for students to progress to research without adequate mathematical and computational foundations. This situation has generated significant concern, stimulating a range of surveys across academia, research institutes, professional bodies and industry, aiming to take the pulse of training needs worldwide. In the following pages, we discuss-at a purely qualitative level-the main conclusions from several of these surveys, and consider what progress has been made.
The surveys

SEB survey, 2013
In 2013, the Society for Experimental Biology (SEB) worked with the Global Organisation for Bioinformatics Learning, Education and Training (GOBLET) [12] to run a simple survey, aiming to capture a high-level picture of training needs within the SEB's community of experimental biologists. To encourage participation, the questionnaire was deliberately brief: the questions focused on how bioinformatics training and education had been received; the level of confidence in using bioinformatics resources; how training should be delivered; and the skills most needed ( Table 1) .
The survey attracted 200 responses, from postgraduate students and technical staff, through to senior academics and managers. Of these, most (76%) considered their bioinformatics skills to be self-taught; only 20% reported having acquired their skills during university courses or programmes. In terms of their ability to use bioinformatics resources, 57% lacked confidence. Most respondents (67%) pointed to data analysis and interpretation as the greatest training needs, the majority (88%) preferring stand-alone workshops as the means of delivering bioinformatics training. Many also favoured access to online learning, and placed particular emphasis on the added value of tutor-supported options.
GOBLET survey, 2014
Trends in these results were sufficiently interesting to prompt GOBLET to spread the questionnaire more widely through its partner organizations (in Europe, North America, Africa, Asia and Australia) to try to determine whether the findings were general across global communities of life and computational scientists. The wider survey attracted 500 responses from the full science career trajectory, and a range of roles and niches (i.e. the survey was not limited to wet-lab researchers but also acquired feedback from bioinformaticians, mathematicians, computer scientists, biophysicists and so on) [13, 14] . Of these, 64% considered themselves self-taught, having acquired their bioinformatics skills via peer support, online courses, professional workshops, etc.; 33% said they had received their training via university programmes; 57% lacked confidence in their ability to use bioinformatics resources. Many (54%) regarded statistics and data analysis/interpretation as their greatest training needs, the majority (65%) preferring stand-alone workshops and summer schools as the means of training delivery. University programmes were noticeably less popular (10%) as future routes for bioinformatics training.
ABPI surveys, 2008 and 2014
During the past decade, the Association of the British Pharmaceutical Industry (ABPI), in collaboration with the BioIndustry Association (BIA), has also conducted surveys to try to understand current and future skill needs of the pharmaceutical industries, and to see how these are changing over time [6, 7] . Responses were solicited from a range of pharmaceutical companies, contract research organizations and small and medium enterprises. Interestingly, the major issues identified in 2008 included basic mathematical capability and the ability to apply scientific and mathematical knowledge. However, whilst a dearth of mathematical (especially statistical) skills was also highlighted in the 2014 survey, additional areas of concern relating to computational skills, including bioinformatics, data mining and health informatics (which involves use of electronic medical records, data mining, health app design and development, etc.), were not even raised as future concerns in 2008 [7] .
ELIXIR-UK industry survey, 2014
As part of its contribution to the ELIXIR infrastructure for life science information, ELIXIR-UK also conducted an industry survey (http://www.elixir-uk.org/industry-engagement), aiming to gain insights into training needs from an industrial perspective. Bioinformaticians and wet-lab scientists were targeted separately (71 and 86 respondents, respectively), with questions about their expertise in writing data analysis scripts, their degree of comfort with statistics, the skills they needed to be able to work more effectively and the preferred method of training delivery.
The analysis showed that 74% of wet-lab scientists had no programming experience (86% used Microsoft products like Excel for data analysis); 58% were not confident in their use of statistical methods (some were not even sure what statistical know-how they needed). This cohort considered expertise in data visualization (65%), statistics (61%) and data manipulation (58%) most important to acquire; 70% of bioinformaticians also sought training in statistics and data analysis methods. A majority of wet-lab scientists and bioinformaticians (61 and 51%, respectively) wanted their training to be delivered face-to-face, onsite, many also requesting online learning modules (43 and 56%, respectively). Most wet-lab scientists reported working with bioinformaticians, but 35% said they had no bioinformatician/statistician from whom to get support.
NSF survey, 2016
In 2016, a needs assessment was conducted of principal investigators funded by the National Science Foundation (NSF) Directorate of Biological Sciences (DBS) [15] . The survey focused on 13 computational aspects of research (high-performance and cloud computing, workflows, analysis software, data storage, etc., Table 2 ), examining both infrastructural and training needs across research areas, research group sizes and DBS divisions (namely, Biological Infrastructure, Environmental Biology, Integrative Organismal Systems and Molecular and Cellular Biosciences).
Of 704 respondents, 90% reported that they were (or would be within 3 years) analysing large data sets. Amongst their computational research and infrastructural needs, they confirmed that data publishing, data storage, data sharing and data analysis software were most important for their work. Interestingly, across all research disciplines, group sizes and BDS divisions, the greatest reported unmet needs were for training on integration of multiple data types (89%), data management and metadata (78%) and scaling analysis to cloud/HighPerformance Computing (HPC) (71%).
EMBL-ABR survey, 2016
In 2016, EMBL-Australia Bioinformatics Resource (ABR) reformulated the NSF survey, aiming to get an overview of the bioinformatics and computational biology research and training needs of life and medical scientists across Australia [16] . Amongst 123 respondents, the most important research needs were confirmed to be access to updated analysis software (91%), multistep analysis workflows/pipelines (82%) and high-performance/ cluster computing (76%).
When specifically asked about training, the most pressing needs highlighted by respondents were in bioinformatics and analysis support (89%), basic programming and scripting (78%), data management and metadata (72%) and integrating multiple data types (67%). Fewer than 50% considered their training needs were being met by their institutional or national services.
Understanding the training needs identified in the surveys
The proliferation of surveys bears witness to a growing concern about the computational and statistical competence of scientists across a range of disciplines, but especially in the life sciences. On one level, the narrative revealed by their collective results is straightforward. Nevertheless, these broad brushstrokes conceal a number of complex factors, the interplay between which will have influenced the survey responses, and must be considered when trying to understand the genuine training needs of specific audiences. For example, the time available for training is likely to have determined how individuals have received bioinformatics training in the past (whether focused and deep, broad and shallow, etc.); it is also likely to have shaped the level of confidence they have achieved in using bioinformatics tools and resources; it probably dictates what skills they still need (e.g. foundational or niche), and how they would prefer to acquire bioinformatics training in the future. Similarly, the background knowledge, profession and career level of individuals is likely to have determined their reasons for seeking training, how confident they are in using bioinformatics tools and resources, the skills they still need and their preferred format for future training.
Alongside factors that may have influenced individuals' responses, it is also important to consider how the questions were phrased if we are to arrive at meaningful conclusions. For example, 75% of respondents to the GOBLET survey were beyond MSc/PhD stage [13, 14] . Hence, when asked, 'How would you prefer training to be delivered to you?', the responses were more likely to have favoured face-to-face courses/workshops and online resources because, in later career stages, university degree programmes are generally no longer the most relevant or practicable vehicles for learning. Phrased differently (e.g. 'What is the most effective way for bioinformatics training to be delivered?'), the question might have elicited rather different answers. Not surprisingly, then, formal degree programmes emerged as the least popular routes for receiving future bioinformatics training, despite their obvious importance in providing fundamental bioinformatics education.
Equally important is what questions were asked. The questions in the SEB/GOBLET surveys were the same (albeit formatted slightly differently), but differed from those used in the NSF/ EMBL-ABR surveys. In particular, questions in the former were largely open-ended, while those in the latter were leading, in the sense that responses were narrowed to a set of predefined research and training needs. In addition, the language used in the surveys was different: e.g. terms such as 'data mining', 'data integration', 'data manipulation', 'data management' and 'metadata' were used, but without a well-defined, shared vocabulary, these terms could have been interpreted differently by respondents. 
Take-home messages
With these caveats in mind, the survey results nevertheless highlight some consistency in the training gaps across the globe, and preferences for how bioinformatics training should be delivered to plug them. Collectively, the surveys highlight that training needs span a variety of topics. Amongst the needs considered most important were the acquisition of expertise and confidence in data/statistical analysis and interpretation. More broadly, skills in data management, data storage, data integration and data sharing (which might generally be grouped under the umbrella of 'data stewardship' or 'data science') were conspicuous needs in all the surveys conducted since 2013-some common themes are summarized in Table 3 . Where preferences were expressed, short face-to-face courses and workshops were the most popular ways to receive training, alongside online resources.
Perhaps the most urgent message, however, was that the next generation of life scientists should be reminded of the importance of bioinformatics and biostatistics throughout their studies, and that the learning process should commence with basic courses at undergraduate level, to introduce and instil the necessary skills at an early stage-ultimately, that bioinformatics should be fully integrated into life science degree programmes.
The challenge for bioinformatics training
An important issue highlighted by the GOBLET survey was that most respondents had not gained their bioinformatics skills in university programmes [14] . Consequently, they had turned to peers, institutional or national services and/or short courses at the point of need. Being beyond the stage of formal university education, they preferred just-in-time training, especially via short online modules or face-to-face workshops, to help boost their confidence and to acquire new skills in bioinformatics and data stewardship.
Crucially, the need for bioinformatics training had only become apparent to some respondents after they had already designed their experiments and collected their data. This is both rather late in the research workflow, and suboptimal from a training perspective, because the foundational, broad-based bioinformatics education is not in place to build on, and skills acquired to address a specific need at a particular time are seldom retained. This engenders a cycle of low confidence in trainees, which is amplified if they cannot put their newly acquired skills into regular practice in the weeks and months since their training. It is therefore not uncommon for trainees to have to repeat courses, having forgotten what they learned previously [14] .
The earlier computational thinking is introduced, and computational skills are embedded, the greater the likelihood of retention and sustained confidence in trainees. So, while there is still a strong demand for just-in-time training, in the longer term, investment in formal training at undergraduate level (if not sooner) is more likely to promote skill gain and retention [14] . Similar sentiments have been expressed by other commentators. Eddy [17] , for example, suggested that all biologists should 'learn to do their own data analysis' and also learn 'scripting [as] a fundamental lab skill, like pipetting'. While not all biologists need to master programming, incorporating bioinformatics earlier in the education cycle could help to bring more computationally minded biologists into wet-lab teams to help manage the programming and statistical components of data analyses [8, 14] .
At the same time, the global bioinformatics training demand also argues for more and larger cohorts of individuals capable of delivering just-in-time training. Of course, there are already many established academic teachers with computational and/ or statistical backgrounds. However, they will not always have experience in the required, niche-specific bioinformatics topics within their local communities. Moreover, while skilled in delivering traditional didactic coursework for semestered academic courses, they may struggle to adjust their content to short training programmes if they have not received guidance on how best to do so [18] . This situation warrants the development of programmes tailored for future trainers, to help disseminate best practices, to empower new bands of individuals to assuage local training needs and to ensure that trainers' skills are kept up to date.
Strengthening the global bioinformatics and data science training landscape
Reviewing the outcomes of this diverse set of surveys from the past 5 years suggests that the need for bioinformatics and data science training is both real and urgent, and requires worldwide solutions. Short courses, whether delivered face-to-face or online (e.g. via MOOCs), have become the principal vehicles for plugging skill gaps, and their success (especially in areas such as next-generation sequencing data analysis, software and data 'carpentry' and so on) is a testament to the hard work and dedication of trainers around the globe. However, training provision is hampered both by the late stage at which many researchers seek training, and by the shortage of skilled trainers. Moreover, the ways in which individuals acquire, or wish to acquire, bioinformatics skills changes along their career paths, essentially in proportion to the amount of time they have available, as illustrated in Figure 1 . As highlighted in Figure 1 , formal education and point-ofneed training programmes provide complementary routes for the acquisition of bioinformatics and computational skills. Understanding the nature of this interplay should help educators and trainers to design courses and educational resources that better reflect the needs of trainees. For example, the format of current short courses could be revisited and the content segmented into smaller 'bite-sized' chunks for online delivery, to try to facilitate skill uptake and retention at the point-of-need.
Training portals [e.g. ELIXIR's TeSS (http://tess.elixir-europe. org), GOBLET's Training Portal (http://www.mygoblet.org) [19] and the Big Data to Knowledge (BD2K) Training Coordinating Center (TCC)'s Educational Resource Discovery Index, ERuDIte (http://bigdatau.org), to name just a few], which offer access to training materials in niche bioinformatics and data science topics, could provide better signposting to help guide trainees to the training formats and resources that would best meet their individual needs. Such portals could also be augmented with case studies and facilities to host discussion or 'study groups', where beginners could receive greater encouragement and peer support when learning how to use bioinformatics software tools and databases. Inclusion of short videos and quizzes/self-tests could also prove useful. In addition, creating post-course evaluation or certification methods could help to formalize and standardize the skills gain from, and the quality of, ad hoc training programmes.
The shortage of skilled point-of-need trainers has prompted initiatives and organizations like ELIXIR, GOBLET, H3ABionet (http://www.h3abionet.org) and EMBL-ABR (https://www.emblabr.org.au) to begin developing and delivering specialized workshops for new and more experienced trainers (Train-theTrainer workshops), covering not only the specific bioinformatics topics to be taught but also the principles important in providing robust training: how to define learning objectives, how to organize and set up short courses, how to develop and deliver materials, how to evaluate training results and so on [18, 20, 21] . These are aspects of teaching to which trainers might otherwise not be exposed; the Train-the-Trainer programme is thus developing a community of like-minded trainers with which to share experiences and to propagate such best practices and materials.
The dearth of computational skills allied to the data revolution has been recognised as an issue not just for life scientists but also for graduates in many scientific, medical and businessrelated disciplines. This has provided the impetus both for universities to develop new postgraduate programmes in generic data science, and for organizations like the Committee on Data for Science and Technology-Research Data Alliance (CODATA-RDA) to create research data-science summer schools (http:// www.codata.org). It also saw the spin-out of Data Carpentry from the highly successful Software Carpentry Foundation (https://software-carpentry.org), offering training in core data skills to underpin reproducible research practices (http://www. datacarpentry.org).
Discussion
Regardless of career position or role, skill gaps in computational aspects of biology impede the advancement of research and continue to fuel a global need for bioinformatics education and training. Looking back at the results of their 2005 survey, the ABPI warned, 'It is quite clear that there has been little progress with many disciplines of critical concern to the pharmaceutical and biopharmaceutical industry. While timelines are short between the two surveys, time is also running out' [6] . Yet, in 2015, they concluded that major mathematical and computational skills gaps were still causing significant problems with the number and quality of candidates available for recruitment [7] . These findings were echoed in the UK's Biotechnology and Biological Sciences Research Council (BBSRC) and Medical Research Council (MRC) vulnerable skills report [22] , which highlighted bioinformatics and data analytics (including programming and data stewardship) as particularly vulnerable in the biomedical sciences; skills in mathematics/statistics and computational biology were found to be especially lacking at postgraduate and postdoctoral levels, leading to recruitment problems with employers.
Observing the growing gap between the rapid accumulation of life science data and researchers' ability to exploit these data effectively, Chang commented that the $215 million investment in the US Precision Medicine Initiative did not address 'a worsening deficiency in the scientific community' [5] . He argued that biologists should have more opportunities to learn bioinformatics skills, to increase the pool of applied bioinformaticians; otherwise, he warned, research will stall [5] . Similarly, Barone et al. [15] opined, 'This portends a growing data knowledge gap in biology and challenges institutions and funding agencies to redouble their support for computational training in biology'.
Such is the scale and urgency of currently unmet training needs that it is tempting to consider it a new phenomenon, but this is not the case. Even in the 1990s, the supply of bioinformaticians and computer scientists could not meet the demand for individuals able to analyse and manage the then large quantities of data (which today, in the era of second-and thirdgeneration sequencing technologies, seem trivial by comparison). In light of advancing genomics research, a BBSRC review suggested a need to increase bioinformatics staff by 60% in academia and by 45% in pharmaceutical companies (similar conclusions were drawn in Canada [23] and elsewhere). At the time, the shortage of skilled individuals stimulated a muchneeded Research Council investment in studentships, senior fellowships, summer schools and so on [24] ; MacLean and Miles (1999) observed that similar responses had been made by funding agencies in France, Germany, Switzerland, Australia and the United States. While progress was being made in bioinformatics training provision, however, they urged that 'swift action [was] needed to close the skills gap' [24] because the growing quantities of data could only fully be exploited with the application of bioinformatics skills.
Brass cautioned that such investment left no room for complacency [25] . Amongst the many hurdles ahead were the difficulty of teaching bioinformatics at undergraduate and postgraduate levels (students often leaving higher-degree courses with only superficial mathematical and computational skills), and the difficulty of finding suitably qualified candidates for lectureship posts. Nevertheless, funding was not sustained and the problems persisted. By 2008, the ABPI suggested that although some progress had been made to enhance the skills and capabilities of students aged 14-19 years, the response from funders of higher-education programmes had been 'patchy' [6] . In 2010, Cummings and Temple [3] continued to emphasize the need for bioinformatics training across the entire spectrum, from novice biologists to expert practitioners; however, Sarkar acknowledged that 'acquiring bioinformatics competency can become a complex endeavor of undecipherable jargon, mathematics and frustration' [26] .
Lamenting the lack of integration of bioinformatics into senior high-school curricula in 2013, Machluf and Yarden [27] argued that it is 'playing almost no role in preparing the next generation of information-oriented citizens'. They contended that bioinformatics education must evolve in line with advances in bioinformatics research, informed by dialogues at the interface of bioinformatics curriculum design and teaching and learning processes [27] . Similarly, to address the demand for training, Carvalho and Rustici [4] called for new paradigms in bioinformatics education, both to train scientists to become trainers and to develop new teaching resources (including elearning courses).
Despite the 'swift action' urged by MacLean and Miles almost 20 years ago, the bioinformatics skills gap has not narrowed; in fact, the training deficit is set to widen as the data science revolution takes hold, bringing with it new training imperatives for life scientists of tomorrow. Attempting to tackle this problem, international organizations like GOBLET, ELIXIR, the International Society for Computational Biology (especially via its Computational Biology Education Community of Special Interest; https://www.iscb.org/iscb-cosis), CODATA-RDA, EMBL-ABR and BD2K TCC are increasing their efforts to enlarge the community of trainers and make more bioinformatics training resources available. However, the independent surveys reviewed here suggest that the grass-roots efforts of societies and professional bodies are not likely to be enough. Policy makers and funders must also heed the warning signs and join the discussion on how to ensure that continued bioinformatics skill gaps do not create insurmountable barriers to the progress of research. Universities must continue to strive to bring life science curricula into the digital data era [14] ; but even before students reach university, high schools must also start to play their part to increase the mathematical and computational proficiency of aspiring life scientists. To support the necessary changes to high-school and university education programmes, and to nurture new cohorts of trainer scientists, sustained investment is required-short-term funding bursts, like those witnessed in the 1990s, are not sufficient. Ultimately, lecturers, teachers, trainers, policy makers and funding agencies across the world must work together to turn the dream of 'swift action' into a tangible, deliverable action plan to quench the global thirst for bioinformatics training.
Key Points
• Surveys of global communities of life and computational scientists in the past 5 years show a widening bioinformatics skills gap-the training deficit has not improved over the past 20 years.
• In later career stages, stand-alone workshops and online resources are favoured routes for acquiring training at the point of need.
• To improve skill retention and confidence, bioinformatics should be embedded early, as a core component of life science degree programmes.
• More programmes are needed to train future trainers, to help disseminate best practices and keep trainers' skills up to date.
• A concerted, worldwide response is required from all stakeholders to deliver a tangible action plan, with sustained investment, to transform high-school and university programmes and cultivate a new cadre of trainer scientists.
